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Abstract: Solution blow spinning (SBS) is gaining popularity for producing fibres for smart textiles 
and energy harvesting due to its operational simplicity and high throughput. The whole SBS 
process is significantly dependent on the characteristics of the attenuation force, i.e., compressed 
air. Although variation in the fibre morphology with varying air input pressure has been widely 
investigated, there is no available literature on the experimentally determined flow characteristics. 
Here, we have experimentally measured and calculated airflow parameters, namely, output air 
pressure and velocity in the nozzle wake at 12 different pressure values between 1 and 6 bar and 11 
different positions (retracted 5 mm to 30 mm) along the centreline. The results obtained in this work 
will answer many critical questions about optimum protrusion length for the polymer solution 
syringe and approximate mean fibre diameter for polyvinylidene fluoride (PVDF) at given output 
air pressure and velocity. The highest output air pressure and velocity were achieved at a distance 
of 3–5 mm away from the nozzle wake and should be an ideal location for the apex of the polymer 
solution syringe. We achieved 250 nm PVDF fibres when output air pressure and velocity were 123 
kPa and 387 m/s, respectively. 
Keywords: solution blow spinning (SBS); air pressure and velocity; computational fluid dynamics 
(CFD); polyvinylidene fluoride (PVDF); energy harvesting 
 
1. Introduction 
The solution blow spinning (SBS) technique has two main advantages over its 
competitor electrospinning: Firstly, it does not require an electric field, and secondly, its 
throughput can be two orders of magnitude higher than that of electrospinning [1–5]. SBS 
process is also very simple since it mainly contains compressed air that passes through a 
nozzle and attenuates polymer solution droplet converting it into a fibre. The fluid flow 
characteristics are significantly dependent on the nozzle design. Park and Reitz [6] 
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employed a jet superposition modelling approach using an equation they derived based 
on the law of conservation of momentum and then used that equation as a sub-grid-scale 
sub-model in a Lagrangian Drop–Eulerian Gas CFD model. They reported that when the 
angle of convergence increases, spray cross section becomes ellipsoidal, and the air 
entrainment becomes more conspicuous. The air entrainment can affect the droplets’ size 
range since it can favour collision, resulting in either division or coalescence. The droplet 
size is an essential parameter in fibre spinning because it dictates the diameter of the 
produced fibre. 
Similarly, nozzle diameter also influences the fibre spinning process. Morrall et al. 
carried out Reynolds-averaged Navier–Stokes (RANS) simulations based on k–ω shear 
stress transport and the Reynolds stress models [7]. They reported that nozzle diameter 
significantly influences the flow swirl and head losses in the nozzle. A stronger flow swirl 
retains jet energy for a longer duration that helps in the thorough mixing of the fluids 
coming out of the nozzle. The prolonged interaction time can aid in more extensive 
stretching in the fibre resulting in thinner fibres and can help in rapid evaporation of the 
solvent in the polymer solution, resulting in comparatively dry fibres. They further 
reported that although both tested models predict flow characteristics that are in good 
agreement with the experimental results; however, at higher flow swirls, the Reynolds 
stress model appears to be more accurate. 
Although the SBS process has been mainly carried out at room temperature, the 
inflow temperature can be an interesting parameter to investigate. Xue et al. carried out 
CFD simulations of spray nozzles using mixture models and reported that the discharge 
coefficient is dependent on the inflow temperature, and as the inflow temperature 
increases, the discharge coefficient decreases [8]. They further observed that higher inflow 
temperatures lead to higher cavitation intensity, higher saturation pressure, and an 
increased vapour phase concentration at the nozzle’s exit point. Such factors can 
significantly reduce the mass flow rate. The heating of the compressed gas interacting 
with the polymer solution can cause it to dry quickly. In the case of polyvinylidene 
fluoride (PVDF), the polymer solution is generally comprised of 10–20 wt/vol%, which 
means that there is 80–90% of organic solvent that needs to be removed entirely from the 
spun fibres since any retained solvent or volatiles can degrade both mechanical and 
piezoelectric properties [9]. Hot compressed air can aid in obtaining solvent-free dry 
fibres. 
Since air is the only attenuation force, the fibre morphology is significantly 
dependent on the airflow characteristics. If air does not have significant pressure and 
velocity to overcome surface tension, the polymer droplet will not elongate but rather 
solidify as a spherical particle [10–13]. Therefore, the input air pressure and related 
velocity should be above a specific threshold value depending on the polymer type, 
viscosity of the polymer solution, and diameter of the droplet. The mean fibre diameter 
should then intuitively decrease with increasing input air pressure and related velocity. 
However, the more the input air pressure and corresponding velocity are, the more 
turbulent the flow will be. This turbulence might cause random and localised variations 
in the fibre diameter or even break the fibres [14]. Therefore, it is important to determine 
an optimum input air pressure and related velocity under a given set of conditions. This 
makes the investigation of the airflow fields important. 
In this work, we have investigated the airflow field using a pitot tube and a 
manometer and compared the results with computational fluid dynamics (CFD) results 
based on the k–ε turbulence model. We have then approximated the flow characteristics 
with the mean fibre diameter based on experimentally produced PVDF nanofibres. 
2. Materials and Methods 
A schematic diagram showing the procedure to measure dynamic pressure and data 
logging is presented in Figure 1, and the experimental setup is shown in Figure 2. Two 
different datasets were acquired with the central nozzle hole, as shown in Figure 2 (inset) 
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where polymer solution syringe was stationed, completely blocked for the first dataset, 
and fully opened for the other dataset. A Bambi air compressor (VTS 150D, Bambi, 
Newcastle upon Tyne, UK) was used to provide oil-free dry air. An SBS nozzle was 
clamped on a stand and air was supplied through a 6 mm internal diameter hose. To 
measure the centreline dynamic air pressure coming out of the nozzle, a pitot tube with 
an inner diameter of 0.4 mm and an external diameter of 0.7 mm was positioned right in 
front of the nozzle end. The distance between the tip of the pitot tube and the nozzle was 
varied and pressure was measured at 11 different locations, as shown in Figure 3. Due to 
its small size, the pitot tube could be inserted into the nozzle (Figure 3a). It was positioned 
5 mm inside the nozzle and called −5 mm, where the minus sign indicates retraction. The 
second measurement was made right at the tip of the nozzle end with a distance of 0 mm. 
The following nine readings were made at distances of 1, 2, 3, 5, 7, 10, 15, 20, and 30 mm. 
The pitot tube was connected to the positive terminal of the manometer (TPI 665), while 
the negative terminal was exposed to the atmosphere and hence dynamic pressure was 
recorded. To achieve continuous digital values, a manometer was connected to a laptop, 
and the frequency of data logging was 1 Hz. From the dynamic pressure, air velocity was 












− 1] (1) 
where ρ is air density (1.225 kg/m3), v is the air velocity, γ is the ratio of specific heats (1.4 
for air), p is the dynamic pressure, and p0 is the total pressure. The values obtained were 
compared with the k–ε turbulence model based on CFD results and the mean fibre 
diameter of PVDF. A detailed description of the CFD method and production of PVDF 
nanofibres is provided elsewhere [15] and will not be repeated here for the sake of brevity. 
 
Figure 1. A schematic diagram showing the setup to measure the airflow field as it exists the SBS 
nozzle. 




Figure 2. The experimental setup consisting of the pitot tube, SBS nozzle, manometer, and laptop for data logging. Inset 
shows the central nozzle hole and four side holes for air. 
 
Figure 3. Varying distance between pitot tube and the nozzle outlet: (a) −5 mm (negative sign shows that the pitot tube is 
inside the nozzle), (b) 0 mm, (c) 1 mm, (d) 2 mm, (e) 3 mm, (f) 5 mm, (g) 7 mm, (h) 10 mm, (i) 15 mm, (j) 20 mm, and (k) 
30 mm. 
3. Results and Discussion 
When the pitot tube was inside the nozzle, only negative pressure values were 
recorded, confirming that no air passed through the central hole. The air coming out 
through the annulus around the central hole caused a negative air pressure, and CFD 
demonstrated this phenomenon as reverse flow [15]. The variation in output air pressure 
along the centreline at different input air pressure values with the central hole completely 
blocked is shown in Figure 4. The central nozzle hole was blocked in the experimental 
work and simulations; therefore, the comparison charts presented are under the same 
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conditions. At 1 bar input air pressure, CFD predicted that output air pressure would 
fluctuate between 0 and 5 kPa as we move away from the nozzle end to a distance of 5 
mm. The first four readings (i.e., up to 3 mm distance away from the nozzle end) of the 
experimentally measured output air pressure were relatively closer to CFD values. 
However, the experimental value at a distance of 5 mm showed a considerable jump and 
recorded a value of ~80 kPa, nearly equal to 0.8 bar. This value suggested that about 80% 
of the input air pressure was transmitted through the nozzle. A decrease of 20% can be 
attributed to pressure losses at the junctions, reverse flow, and turbulence. 
Although achieving 80% of the input as output seemed reasonable, CFD prediction 
of ~0 kPa seemed highly unlikely. However, such a difference can be easily explained 
based on reverse flow and the limitation of the pitot tube diameter. 
 
Figure 4. Comparison between CFD and experimental results for output air pressure at different input pressure values: 
(a) 1 bar, (b) 2 bar, (c) 3 bar, (d) 4 bar, (e) 5 bar, and (f) 6 bar. 
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When a fluid exited through a convergent nozzle, a reverse flow developed in the 
proximity of the exit point. If we were to place a pitot tube in that region, the pressure 
recorded could either be negative or close to zero. However, if some part of the opening 
of the pitot tube was outside of the reverse flow region, a positive value of pressure would 
be recorded. Since we observed a negative value of output air pressure (at 2, 3, and 4 bar 
input air pressure), it suggested that the diameter of the pitot tube was smaller than the 
reverse flow region. This left us assuming that the reverse flow region did not extend to 5 
mm away from the nozzle end. At a distance of 10 mm away from the nozzle end, the 
output air pressure values plummeted to ~10 kPa. Both CFD and experimental values 
showed a remarkable match. 
At 2 bar input air pressure, CFD predicted output air pressure value close to zero. 
However, the experimental value was ~−12 kPa, indicating the pitot tube was inside the 
reverse flow region. At a distance of 2 mm, CFD predicted a value of ~1 kPa. On the 
contrary, the pitot tube recorded a value of ~117 kPa, which is the highest value recorded 
at 2 bar. At 3 mm and 5 mm, the recorded values decreased to ~105 kPa and ~84 kPa, 
respectively. The CFD and experimental values remained in agreement at a distance of 
≥10 mm. The comparative trends remained similar at higher pressures, except that CFD 
overestimated output air pressure values at a distance of ≥10 mm. This indicated that 
pressure decayed more rapidly in reality than that predicted by CFD. Although the k–ε 
turbulence model predicted a slow decay in the air velocity, some other theoretical studies 
suggest a rapid decay. Zhang et al. [16] carried out CFD of a sharp-edged nozzle using the 
OpenFOAM source code and reported that the axial velocity showed a rapid decay at the 
jet centre (within the axial distance). 
The trends suggested that CFD underestimated the values of air pressure and 
velocity. The discrepancy resulted from the underestimation of the turbulence intensity 
of the nozzle in CFD simulations. Turbulence intensity represents the intensity of velocity 
fluctuation of a fluid. It is defined as the ratio of the standard deviation of fluctuating fluid 
velocity to the mean fluid speed. Some work has been recently carried out to optimise the 
role of turbulence intensity to better predict the overall flow characteristics [17]. The 
exploration into the modification of the influential parameters has led to the development 
of various turbulence models that can be traversed for a more accurate prediction of the 
flow characteristics [18,19]. 
The highest output pressure values were recorded outside the nozzle at around 5 mm 
away from the nozzle end. This is an important result since the protrusion length of the 
polymer solution syringe is critical in achieving a smooth and continuous process as flow 
is hindered in the retracted syringes and causes disruption in the process. Lou et al. [20] 
showed that a protrusion length of 4 mm is optimum, and our results were in close 
agreement. 
The variation in output air velocity with input air pressure is shown in Figure 5. The 
air velocity could reach as high as 600 m/s. Compared to firearm muzzle velocities that 
range from ~100 m/s to 350 m/s, a velocity of 600 m/s can be lethal. This much high velocity 
can rupture the eardrum and knock the eye out of its socket. Therefore, care had to be 
exercised while the SBS nozzle was in operation. 
  




Figure 5. Comparison between CFD and experimental results for output air velocity at different input pressure values: (a) 
1 bar, (b) 2 bar, (c) 3 bar, (d) 4 bar, (e) 5 bar, and (f) 6 bar. 
The mean fibre diameters achieved experimentally at 2, 3, and 4 bar input air pressure 
were 530, 420, and 250 nm, respectively. The achieved air pressure and velocity can be 
correlated with the mean fibre diameter as listed in Table 1. When the air output pressure 
was around 117 kPa, the mean fibre diameter (15 wt % PVDF in DMF at a feed rate of 10 
mL/h) was around 530 nm. Similarly, if the output air velocity was around 380 m/s, the 
mean fibre diameter was around 530 nm. A similar discussion extends to other pressure 
and velocity values, as presented in Table 1. 
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Table 1. Various airflow parameters and resultant mean fibre diameter. 
Sr. Input Air Pressure (bar) Output Air Pressure (kPa) Output Air Velocity (m/s) 
Mean Fibre Diameter 
(nm) 
1 2 117 379.9 530 
2 3 121 384.4 420 
3 4 123 386.9 250 
At input air pressure values of ≥5 bar, we observed intertwined fibres rather than 
individual fibres separated from each other. Such variation in fibre morphology could be 
explained based on turbulence. When the flow rate exceeded a certain limit, it behaved 
more turbulent than laminar. The variation in output pressure and velocity became 
prominent at elevated flow rates, and input pressure ≥5 bar provided such conditions. 
This suggested that any nozzle design would limit the maximum allowable input pressure 
since fibre morphology depended on the air pressure or velocity as well as on the 
turbulence. Therefore, a trade-off was essential between pressure and turbulence to 
achieve fibres with suitable morphology. 
The pressure values were also measured by removing the blockage from the central 
hole, and the manometer readings for all locations have been shown in the Supplementary 
Materials (Figures S1–S9). In general, the pressure values recorded were higher than those 
achieved with a blocked central hole. For example, at 5 bar input air pressure, the output 
air pressure was 124 kPa (with blocked central hole), increasing to 157 kPa after opening 
the central hole. Although this could be easily explained on the basis of increased mass 
flow rate, it suggested that the clearance between nozzle and polymer solution syringe 
could be an important influential factor in defining the fibre morphology. This factor has 
been ignored in the reviewed literature. 
4. Conclusions 
In this work, we built a setup to determine air pressure and velocity as the air comes 
out of a solution blow spinning (SBS) nozzle. The setup comprised an air compressor, SBS 
nozzle, pitot tube, manometer, and a laptop for real-time data logging with a frequency 
of 1 Hz. We determined output air pressure and calculated air velocity and compared 
them with computational fluid dynamics (CFD) results based on the k–ε turbulence 
model. We investigated two variables: input pressure up to 6 bar with increments of 0.5 
bar and distance from the nozzle end and the selected range was −5 mm to 30 mm (minus 
sign shows retraction). We investigated pressure and velocity with the central hole either 
completely blocked or fully opened for the polymer solution syringe. When the central 
hole block was blocked, the maximum output air pressure was recorded at a 3–5 mm 
distance. On the other hand, in the case of the central hole fully opened, the maximum 
output air pressure mainly was recorded at a −5 mm distance. This difference in the 
location of maximum pressure suggested that the clearance between the nozzle and 
polymer solution syringe is an important influential factor. We observed that when output 
air pressure (velocity) values were 117 kPa (380 m/s), 121 kPa (384 m/s), and 123 kPa (387 
m/s), the mean fibre diameters of produced PVDF nanofibres were 530 nm, 420 nm, and 
250 nm, respectively. By comparing the values of output air pressure (velocity), one can 
infer that turbulence plays a crucial role in defining fibre morphology. The obtained 
results will help in achieving a more tailored morphology of the fibres. The data presented 
here have been limited to PVDF but can be extended to other polymers with similar 
rheological properties. 
Supplementary Materials: The following are available online at 
www.mdpi.com/article/10.3390/pr9061014/s1, Figure S1: (a–l) Air compressor dial gauge readings 
showing the input pressure values and the corresponding manometer output dynamic pressure 
values are shown immediately below, Figure S2: (a–l) Manometer readings when pitot tube was 
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placed at a distance of 0 mm from the nozzle end along the centreline, Figure S3: (a–l) Manometer 
readings when pitot tube was placed at a distance of 1 mm from the nozzle end along the centreline, 
Figure S4: (a–l) Manometer readings when pitot tube was placed at a distance of 2 mm from the 
nozzle end along the centreline, Figure S5: (a–l) Manometer readings when pitot tube was placed at 
a distance of 3 mm from the nozzle end along the centreline, Figure S6: (a–l) Manometer readings 
when pitot tube was placed at a distance of 5 mm from the nozzle end along the centreline, Figure 
S7: (a–l) Manometer readings when pitot tube was placed at a distance of 10 mm from the nozzle 
end along the centreline, Figure S8: (a–l) Manometer readings when pitot tube was placed at a 
distance of 20 mm from the nozzle end along the centreline, Figure S9: (a–l) Manometer readings 
when pitot tube was placed at a distance of 30 mm from the nozzle end along the centreline. 
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